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Abstract 
The elemental content of anagen hair fibers 
in a Caucasian population of healthy females 
and males in the age range 10-69 years was per-
formed to constitute a baseline for further 
studies of pathological conditions . Proton in-
duced X-ray emission (PIXE) analyses were per-
formed on single hair fibers in triplicates 
from 103 individuals in order to determine sul-
fur, zinc, calcium , and chlorine content. The 
hair fibers were all anagen hairs collected 
from a site little influenced by genetic and 
hormonal influences 1. 5 cm above the right ear 
of the probands. 
An area 5-8 mm from the follicle bottom 








average sulfur content was 0 .04 9 g/g and the 
average zinc content 170 µg/g. The se results 
were not significantly influenced by chloro-
form/ethanol rinsing before analysis. The cal-
cium and chlorine contents were 330 µg/g and 
0.0033 g/g respectively. The latter data are 
expected to be more seriously influenced by 
external factors (e.g., contamination) than 
sulfur and zinc. No correlation between elemen-
tal concentration and sex was found for sulfur 
and zinc in the present material. PIXE analysis 
of single hair fibers yields valuable informa-
tion on the elemental composition of hair fibers 
and can be rapidly and efficiently performed 
after simple mounting procedures. 
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Introduction 
Hair analysis for assessment of trace ele-
ments is currently a topic of great interest 
in the medical and forensic praxis. A number 
of techniques including activation analyses, 
different spectroscopic methods have been used 
in the past. Also the preparation procedures 
have been thorough! y scrutinized ( 2). However, 
a major objection to the collecting procedures 
used in the past is the fact that the hairs 
collected represented both anagen (growing) 
and telogen (resting) fibers. The telogen phase 
has a time span of some 6-12 weeks and the telo-
gen hairs comprise roughly 20% of all scalp 
hairs . At cutting a sample one thus gets a dis-
tribution of hair fiber volumes laid down at 
different times and hence representing different 
sets of conditions in the individual's life. 
If the (pathological) condition which may cause 
an abnormal content of element(s) lasts for 
a considerable time ( several months/years) the 
sampling technique described above may not inhe-
rently cause deviations from an expected result. 
If , however , the change in elemental content 
is due to an intercurrent disease, the ingestion 
of a toxic substance , e . g . , arsenic , or a cor-
responding accidental or short time exposure 
to a substance the sampling technique may influ-
ence the analytical result when it concerns 
trace elements especially when these are present 
in amounts close to the detection limit of the 
analytical technique . 
Most techniques used for elemental analysis 
require comparatively large samples , e.g. , ato-
mic absorption spectroscopy or plasma emission 
analysis. A selective sampling of anagen hairs 
with the use of methods which thus require gram 
amounts of the biological material is not feasi-
ble. This is espec ia lly the case in the study 
of hair disease , or in forensic stud ies. The 
ideal method in those cases is one that allows 
elemental analysis in single hair fibers. PIXE 
(particle induced X-ray emission) analysis has 
proven to be of excellent value in such studies 
(1, 5, 6 , 7) . 
In view of what is stated above we have 
performed a study on anagen hair fibers collec-
ted from a large Caucasian population to serve 
as a baseline for our further studies of patho-
logical hairs from various genetic and ski n 
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diseases. Using a proton beam, the elemental 
content of 103 probands was investigated in 
triplicate, i.e. , three anagen hair fibres were 
collected from each proband. In the initial part 
of the investigation the effect of rinsing in 
chloroform/ methanol was investigated. 
Materials and Methods 
A special questionnaire was devised to 
ensure that the individuals chosen as donors 
of hair samples in this investigation were of 
Caucasian origin, healthy and not subject to 
special medical treatment, treatment of the 
scalp and hair by topical medical or cosmetic 
character over a period comprising not less 
than three weeks before sampling . 
Hair fibers were plucked from the area 
l. 5-2 cm above the right ear of all pro bands 
(n=103; m:49/ f : 54; age range 10-69 years of 
age) with the aid of rubber coated tweezers. 
Three anagen hairs from each proband were used, 
and dystrophic or telogen hairs were discarded. 
In the first twenty probands two sample sets 
of three anagen 
set was analysed 
hair fibers were taken . 
without prior treatment, 
One 
the 
other was rinsed by immersion in chloroform / 
methanol ( 1: 1) for 5 min and subsequently air 
dried. The selected anagen hair fibers (Fig 
1) were mounted in standard plastic frames lea-
ving an area 5-8 mm from the follicle bottom 
in the middle of the frame opening. This is 
the area of analysis . The fiber diameter in 
this region was measured using the 5th minimum 
of the Fraunhofer diffraction pattern produced 
by the fiber when inserted into a HeNe LASER 
beam. This allows an accuracy in the measure-
ments of 0.2 % (3). Due to difficulties in measu-
ring the diameter at exactly the same spot that 
later was irradiated by the proton beam in hair s 
with a diameter varying along the strand, the 
uncertainty of the determination can be up to 
5%. 
The principle of hair analysis using PIXE 
has recently been presented by Li and Malmqvist 
( 5) . The present investigation utilized a 2. 55 
MeV proton beam diffused by a gold foil to irra-
diate approximately 2 mm of the hair fibre in 
a vacuum chamber. The X-rays thus generated 
were detected by a Si(Li)-energy dispersi v e 
detector ( Kevex, spectral resolution 158 eV 
at 5 . 9 keV) placed at an angle of 135° relative 
to the incident beam ( cf Fig 2). All elements 
heavier than Al ( Z=13) were simultaneously sto-
red in a multichannel analyser (Nuclear Data 
6620) and subsequently transferred to tape for 
quantitation. Our experimental PIXE set-up al-
lows continuous analysis of 40 samples without 
breaking the vacuum. The proton beam current 
was measured in a Faraday cup after the proton 
beam passage of the hair fiber (Fig 2). 
Fig 2: Principle of the experimental arrangement 




SEM micrograph of a plucked anagen hair 
retaining its root sheath . White bar 
= 1 mm 
Results 
With the present conditions of anal ysis 
sulfur and zinc were readily detected. In part 
of our material we have also retrieved data 
for chlorine and calcium. In Figs. 3 and 4 the 
sulfur and zinc concentrations from all hairs 
analyzed (n=369) are plotted versus diameter. 
The average sulfur and zinc concentrations were 
0.049 ± 0.008 g / g (1 S.D.) and 170 ± 50 µ.g / g 
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Fig 3 : Distribu tion of sulfur content in a nor-
mal Caucasian population. A few single values 
appear way outside the bulk of data. These re-
present single hairs and not individuals and 
appear quite randomly (Total number of hairs: 
369) 
Fig 4: Distribution of hair zinc content in 
a normal Caucasian population. A single value 
appears outside the bulk of data (cf Fig 3) 
(Total number of hairs : 369) 
(1 S.D . ) respectively . Corresponding plots for 
calcium and chlorine are found in Figs 5 and 
6. The average concentrations determined were 
0.0033 ±0 . 0022 g/g (1 S.D.) and 330± 240 ,ug /g 
(1 S.D.) for chlorine and calcium respectively. 
Due to data retrieval problems the data for 
Cl and Ca comprise only 38 individuals (1 14 
analyses). For sulfur and zinc there seems to 
be some correlation between diameter and elemen-
tal content. 
There was no significant difference in 
the non-extracted and the chloroform/ methanol 
extracted fibers with respect to sulfur and 
zinc data. 
With respect to sex and age we did not 
find any correlation with the concentra tions 
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Fig 5: Distribution of hair calcium content 
in a normal Caucasian population. A few values 
are found outside the bulk data (arrowed dots) 
(Total number of hairs: 114) 
Fig 6: Distribution of hair chlorine content 
normal Caucasian popu-
found outside the bulk 
(Total number of hairs: 
in non-treated hairs in a 
lat ion. A few values are 
of data ( arrowed dots) 
114) 
Discussion 
At low concentrations the uncertainty in 
the determinations will be influenced by the 
pulse statistics. Thus, in the present inves ti-
gation the uncertainty in the zinc and calcium 
values is about 15 % ( 1 S. D. ) which explains 
part of the conspicious scatter of values in 
Figs 4 and 5. The difficulty in an absolutely 
correct determination of the fiber cross section 
may contribute to this uncertainty . However, 
most of the variation seen is believed to re-
flect a true biological variation . This gains 
support from the sulfur data since the statisti-
cal uncertainty in the sulfur analysis is below 
1%. 
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Fig 7: Cross section of a human hair roughly 
500 µm from the midpapillary level. Note that 
the density of packing of the fibrous keration 
is more conspicuous at the margins of the cortex 
compared to the center. TEM micrograph. Bar= 
10 µm. 
A first impression of our plots suggests 
a relation between the fiber diameter and the 
elemental concentration (Figs. 3 and 4). At an 
actual calculation such a correlation turns 
out to be non-significant. The algorithm used 
for calculating the elemental concentrations 
uses the measured diameter and further assumes 
a constant density of the hair cross section. 
If the thinner hair fibers in general have a 
higher density than the thicker ones, this could 
explain the observed dependence on diameter 
( cf Fig 7). Previous unsystematic observations 
support this notion and work is in progress 
to further investigate this phenomenon. 
Even though the LASER beam used for dia-
meter determination is about 2mm wide and the 
hair is measured fixed in the frame used at 
PIXE analysis, it may be difficult to determine 
the correct diameter at the actual site of PIXE 
analysis since some hairs may vary significantly 
in thickness along the fiber. By using a surface 
barrier detector to measure protons backscatte-
red from the hair during PIXE analysis, a more 
reliable determination of the diameter in the 
irradiated part of the fiber can be obtained. 
The extreme values recorded in sulfur and 
zinc (above 0.06 g/g and 250 µg/g respectively) 
apppear to be correlated. This is, however, 
not true for the vast majority of respective 
values. The extreme values are not found in 
particular individuals, a fact which makes it 
further difficult to explain this finding from 
other views than as an effect of biological 
variation. 
Z40 
The calcium and chlorine values give no 
particular clue to a functional interpretation 
and lie within a range that is physiologically 
reasonable ( 4) . 
We have also made a tentative determination 
of copper. However, under the experimental con-
ditions used in the present investigation, cop-
per values generally are below a level of sta-
tistical significance. If a larger area of the 
hair fiber is irradiated and the irradiation 
time is prolonged, the power of detection may 
be increased by a factor of 3 and the copper 
values would then reach a level of significance. 
The vacuum used in the present investigation 
may be replaced by a helium atmosphere, which 
achieves convective cooling during radiation. 
This allows a two to three times higher proton 
current density to be used and could improve 
the experimental conditions (5). This would 
further increase the sensitivity and reduce 
the statistical uncertainty, e.g., in the zinc, 
calcium and copper analyses. 
Conclusions 
The notion that sulfur might be a good 
reference element at hair analysis is shown 
to be incorrect if data on an absolute scale 
are desired. It is interesting though to note 
that the average values of concentration for 
the elements sulfur and zinc are in good agree-
ment with data from the literature. PIXE has 
proved to be an efficient tool in the elemental 
analysis of single hair fibers and the present 
investigation shows that the method may easily 
be improved to expand the number of elements 
that can be analysed routinely. 
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Discussion with Reviewers 
Reviewer I : How did you discriminate between 
anagen and telogen hairs? 
Authors : A characteristic glossy sheath at the 
end of the pulled hair fiber discerns an anagen 
hair ( Fig 1) from the club hair of the telogen 
hair. Less than 1% of all fibers are catagen 
hairs that also lack the glossy sheath. 
Reviewer I: The cross section of a hair strand 
is often not circular but rather elliptical 
shaped . So in fact you can ' t speak about a dia-
meter. Is the hair diameter plotted in the figu-
res 3 to 6 an average or largest value? Could 
the seat ter of points in figures 5 and 6 be 
a consequence of the deviations of the circular 
shape of the cross section? 
Authors: This is a very pertinent question. 
The diameter that is measured optically or with 
proton backscattering technique (see text) is 
a projection of the hair transversal to the 
beam direction. If the cross section is slightly 
elliptical an error will be introduced in the 
quantification procedure. Such deviations proba-
bly explain part of the scattering observed 
in figures 3 and 4 while the much greater scat-
tering in figures 5 and 6 cannot be explained 
in this manner. In order to improve this type 
of analysis and to avoid such systematic errors 
the proton backscatter technique can be combined 
with another detector to register protons which 
have 
This 
been scat tered 
number will be 
irradiated. 
in a forward direction . 
proportional to the mass 
Reviewer I: There is experimental evidence ( see 
your ref 1 ) that Sand Zn are distributed homo-
geneously over the hair cross section in con-
trast to calcium that seems to be concentrated 
at the periphe r y . Is it possible that this pheno-
menon could explain the difference between your 
Sand Zn results on one hand and the Ca results 
on the other? 
Authors: The variations referred to are due 
to a biological variation rather than to an 
analytical cause in our opinion . Ca variations 
in non-rinsed hair are obviously also related 
to contaminatio n at hygienic procedures as are 
the Cl values. 
S. Seta: What biological process is responsible 
for the correla tion between the diameter and 
the elemental content for Sand Zn? 
Authors: We cannot satisfactorily 
finding as yet. TEM micrographs 
explain this 
of complete 
hair cross sections often suggest a denser pack-
ing of the keratin material at the periphery 
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compared to the center of the hair fiber cross 
section ( Fig 7). The relation between this mass 
distribution and the elemental distribution 
of several elements remains to be investigated . 
S . Seta: It is well known that cosmetically 
treated hairs ( hair dying and permanent-waving) 
generate quite high X-ray counts of Ca with 
EDX analysis , and that X-ray counts of Cl vary 
with individuals . It does not seem reasonable 
to state the correlation between the contents 
of these elements and the hair diameter. 
Authors : The questionnaire ensured that particu-
lar care was taken to see to it that the analysed 
hair segments had not been subject to perma-
nent-wave treatment or dying . Hence the Ca and 
Cl values are considered to represent individual 
variations. 
S . Seta: In both biochemical and EDX 
S contents are shown to be constant . 
hair that gave an extreme S value a 




Authors : In this study only normal individuals, 
not inflicted by acute or chronic disease or 
illness, were subjects of specimen collection . 
The questionnaire ensured that we investigated 
a 'norm al population ' . The extreme S and Zn 
values appeared in a single fiber out of a tri-
plet where the other two came close to the ave-
rage. Most likely this is an expression of the 
biological variation we must expect in any nor-
mal population. 
